Phosphatidylinositol-3-kinase (PI3K), and its downstream effector Akt, or protein kinase B␣ (PKB␣), play a major regulatory role in control of apoptosis, proliferation, and angiogenesis. PI3K and Akt are amplified or overexpressed in a number of malignancies, including sarcomas, ovarian cancer, multiple myeloma, and melanoma. This pathway regulates production of the potent angiogenic factor vascular endothelial growth factor (VEGF), and protects tumor cells against both chemotherapy and reactive oxygen-induced apoptosis through phosphorylation of substrates such as apoptotic peptidaseactivating factor-1 (APAF-1), forkhead proteins, and caspase 9. Given its diverse actions, compounds that suppress the PI3K/Akt pathway have potential pharmacologic utility as angiogenesis inhibitors and antineoplastic agents. Using the SVR angiogenesis assay, a screen of natural products, we isolated the alkaloid solenopsin, and found that it is a potent angiogenesis inhibitor. We also found that solenopsin inhibits the PI3K signaling pathway in cells upstream of PI3K, which may underlie its affects on angiogenesis. Consistent with inhibition of the activation of PI3K, solenopsin prevented the phosphorylation of Akt and the phosphorylation of its substrate forkhead box 01a (FOXO1a), a member of the forkhead family of transcription factors. Interestingly, solenopsin also inhibited Akt-1 activity in an ATP-competitive manner in vitro without affecting 27 of 28 other protein kinases tested. (Blood. 2007;109:560-565) 
Introduction
The serine/threonine kinase c-Akt-1, or protein kinase B␣ (PKB), is the cellular homolog of a transforming oncogene initially isolated from a lymphoma. Akt is a downstream target of phosphatidylinositol-3-kinase (PI3K), a family of at least 4 different enzymes, with the prototypical PI3K heterodimer consisting of a p85 (regulatory) and a p110 (catalytic) subunit. The PI3K/Akt pathway is involved in the regulation of diverse cellular functions including proliferation, cytoskeletal organization, survival, and malignant transformation. [1] [2] [3] [4] Upon binding of PI3K products to its pleckstrin homology domain, Akt is translocated to the plasma membrane where it is activated by upstream phosphorylated kinases, including PI3K-dependent kinases 1 and 2 (PDK1 and PDK2) and mammalian target of rapamycin complex 2 (mTORC2). The PI3K/Akt pathway is stimulated by numerous receptor tyrosine kinases and oncogenes, including receptors for insulin-like growth factor 1 (IGF-1), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), ras, Her2/neu, and polyoma middle T oncogenes. [5] [6] [7] [8] [9] [10] Because Akt plays a central role in regulating apoptosis, angiogenesis, and metabolism of cells, Akt is an attractive pharmacologic target for the treatment of cancer and inflammation. 11, 12 Small-molecular-weight inhibitors of PI3K include LY 294002 and the fungal metabolite wortmannin, 13 as well as ether phospholipids, including perifosine, which has entered clinical trials. 14, 15 Using the SVR angiogenesis assay, [16] [17] [18] we found that solenopsin A, 19, 20 the primary alkaloid from the fire ant Solenopsis invicta, has antiangiogenic activity. We also discovered that solenopsin disrupted angiogenesis in vivo in embryonic zebrafish. In order to determine the mode of action, we examined the ability of solenopsin to inhibit a battery of cellular kinases and found that solenopsin A inhibited Akt relatively selectively in an ATP-competitive manner without affecting its upstream activator PDK1 or PI3K. However, in cells, solenopsin prevented the activation of PI3K, the phosphorylation of Akt-1 at both Thr308 and Ser473, and the phosphorylation and subsequent subcellular localization of forkhead box O1a (FOXO1a), a physiologic substrate of Akt. 21 In contrast, solenopsin did not affect the activity of purified PI3K or PDK1, which is the kinase that phosphorylates Akt at Thr308. Taken together, our results imply that solenopsin exerts its effects on Akt activity in cells by inhibiting a step in the signaling pathway that lies upstream of PI3K.
Materials and methods

Synthesis of solenopsin and solenopsin derivatives
Solenopsin analogs were synthesized beginning with 4-chloropyridine and alkyl magnesium halides, resulting in a 2-alkyl-4-chloro tetrahydropyridine, which was further modified by lithiation and reduction with a hydrogen and palladium/ carbon catalyst. 22 Derivatives S1, S2, and S3 were prepared this way from commercially available alkyl Grignard reagents (Sigma-Aldrich, St Louis, MO). Other reagents were synthesized according to the method of Beak and Lee, 23 in which N-Boc-substituted piperidine is lithiated and methylated at the 6 position with dimethylsulfate, followed by addition of a formyl group at the 2Ј position. The 2Ј position was modified by a Wittig reaction, generating 2Јalkenylsubstituted 6-methylpiperidines, which were subsequently hydrogenated to generate derivatives S5 to S19. Derivatives were converted to hydrochloride salts through passage of hydrogen chloride through solutions of the solenopsin derivatives.
Other reagents were synthesized by lithiating N-Boc-substituted piperidine and methylating it at the 6 position with dimethylsulfate, followed by addition of a formyl group at the 2Ј position. 23, 24 The 2Ј position was modified by a Wittig reaction, generating 2Јalkenyl substituted 6-methylpiperidines, which were subsequently hydrogenated to generate derivatives S5 to S19. Derivatives were converted to hydrochloride salts through passage of hydrogen chloride through solutions of the solenopsin derivatives.
Structure activity relationship in SVR angiogenesis assay
SVR cells are murine endothelial cells immortalized by infection with an ecotropic retrovirus encoding SV40 large T antigen, followed by transformation with oncogenic H-ras, and have been used extensively as a screen for angiogenesis inhibitors. [16] [17] [18] 25 SVR cells were plated at a concentration of 10 000 cells/well, as previously described, 18 and treated with solenopsin or solenopsin analogs ( Figure 1 ) at concentrations varying from 0 to 6 g/mL for 48 hours, at which point cells were counted with a Coulter Counter (Coulter, Hialeah, FL).
Kinase inhibition assays
Solenopsin and its analogs were tested in vitro for inhibitory activity against the following enzymes as previously described 26 : MKK1, ERK2, JNK1, p38␣ MAPK, p38␤ MAPK, p38␥ MAPK, p38␦ MAPK, RSK1, MAPKAP-K2, MSK1, PRAK, PKA, PKC␣, PDK1, AKT1, SGK, S6K1, GSK3␤, ROCK-II, AMPK, CHK1, CK2, PHK, LCK, CSK, CDK2/cyclin A, CK1, DYRK1a, and PP2a as previously performed for honokiol. 18 Solenopsin and its analogs were tested against purified recombinant PI3K p110alpha/ p85alpha complex measuring the conversion of phosphatidylinositol-4,5bisphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3). 27
Western blot analysis
Cells were grown on 10-cm dishes and allowed to reach approximately 80% confluence before protein isolation. Sample aliquots normalized for protein quantities were size fractionated by SDS-PAGE, and the proteins were transferred to a PVDF membrane. The blots were incubated in blocking solution; PBS with 5% (wt/vol) powdered nonfat milk for 1 hour at room temperature (RT). The blots were then incubated overnight in sheep polyclonal anti-Akt (Upstate Biotechnology, Charlottesville, VA) or rabbit polyclonal antiphosphorylated Akt (Ser 473; Cell Signaling Technology, Danvers, MA). Rabbit polyclonal antibodies against insulin receptor substrate 1 (IRS1) were from Upstate Biotechnology, and mouse monoclonal antiphosphotyrosine (P-Tyr-100) was from Cell Signaling Technology. Protein A-agarose beads and secondary antibodies conjugated to horseradish peroxidase (HRP) were from Santa Cruz Biotechnology (Santa Cruz, CA). Dulbecco modified Eagle medium (DMEM) was from Hyclone (Logan, UT), and serum was from Valley Biomedical (Winchester, VA). All chemicals, unless otherwise mentioned, were obtained from Sigma-Aldrich.
FOXO1a and RevGFP export assay
The FOXO1a export assay is described in Kau et al. 25 Briefly, 786-O cells were plated onto black, 384-well, clear-bottom plates (Costar, Corning, NY) in 50 L DMEM/5% fetal clone and infected with Ad-FKHR adenovirus. For compound treatment, solenopsin A was serially diluted starting from 80 M in a separate 384-well plate before transfer onto infected cells. Cells were incubated with compound for 1 hour before fixation with 3.7% formaldehyde and then stained with M5 anti-FLAG antibody (Sigma-Aldrich), Alexa Fluor 594 goat antimouse antibody (Invitrogen, Carlsbad, CA) and Hoechst 33258 (Sigma-Aldrich).
RevGFP export inhibition is also described in Kau et al. 25 U2OS-RevGFP cells were seeded onto clear-bottom, black, 384-well plates in 50 L complete media. Cells were allowed to attach and grow overnight before treatment with solenopsin A. Solenopsin A dilutions were made as described in the FOXO1a export assay. Cells were incubated with compound for 1 hour before fixation with 3.7% formaldehyde and nuclei staining with Hoechst 33258.
Zebrafish stocks
Zebrafish were grown and maintained at 28.5°C. Matings were routinely carried out at 28.5°C, and the embryos were staged according to established protocols. 28 Embryos were staged according to time after fertilization and morphology. Transgenic Fli-EGFP fish (TG(fli1:EGFP) y1 ) 29 were purchased from the Zebrafish Information Network (ZFIN, Eugene, OR).
Drug studies
A number of embryos (20-40) from a transgenic mating pair were collected and incubated at 28.5°C with 2.0 mL of egg water in a 6-well plate. At 6 hours after fertilization, egg water was replaced with fresh egg water (2.0 mL) containing drugs (solenopsins A and S3) at concentrations (3.75, 5, and 6 g/mL) determined from a preliminary dose curve study. DMSO controls were also included each time an experiment was performed. Phenylthiourea (PTU) was added to a final concentration of 0.003% to prevent pigmentation at 10 to 12 hours after fertilization. Embryos were allowed to develop to the required stages at 28.5°C until ready for confocal microscopy. Fish were placed onto glass coverslips embedded into 35-mm dishes (MatTek Corp, Ashland, MA), anesthetized with tricaine (0.016%), and examined with a Zeiss Axiovert 100M microscope using 10ϫ 10.3 NA and 25ϫ 10.3 NA objectives (Zeiss, Thornwood, NY). Images were generated using a Zeiss LSM 510 laser-scanning microscope and were processed using Zeiss Aim software. These experiments were performed in triplicate. Confocal images were captured at the Cell and Cancer Biology Branch Confocal Microscopy Care facility (National Cancer Institutes, National Institutes of Health).
Studies of the effect of solenopsin on cells
3T3-L1 cells were serum-starved in DMEM ϩ 0.2% BSA for 2 hours and treated with 30 M solenopsin A for 20 minutes prior to stimulating with 1 M insulin for 10 minutes. Plates were washed 3 times with ice-cold PBS. Cells were scraped into lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 4 mM Na 3 VO 4 , 200 mM NaF, 20 mM Na 4 P 2 O 7 , 10 mM EDTA, 10% glycerol, 1% Triton X-100, and 1:100 protease inhibitor cocktail), and the assay was performed on the cell lysates as mentioned previously. 30 Solenopsin (5 nM-100 M) was tested in NIH3T3 cells for its ability to inhibit PDGF-induced phospho-Akt formation. Phospho-Akt was determined using the LI-COR Odyssey (Lincoln, NE) in-cell Western protocol. 31 
Results
The SVR proliferation assay is a broad screen that examines the ability of compounds to inhibit the growth of ras-transformed endothelial cells by inhibiting either ras Ϫ -specific 17, 25 or endothelialspecific 18 signaling. Compounds that inhibit SVR cells are tested routinely on nonendothelial cells to determine whether or not the inhibition is endothelial specific. Solenopsin and a series of related tetrahydropyridines (Figure 1) were tested as angiogenesis inhibitors using the SVR endothelial cell proliferation assay; among all the closely related solenopsin analogs, only solenopsin A significantly impaired SVR proliferation (Figure 2 ). We thus chose solenopsin for further mechanistic studies. For personal use only. on April 13, 2017. by guest www.bloodjournal.org From
Inhibition of kinases
Solenopsin was tested against a panel of 28 kinases and 1 protein phosphatase in vitro (Table 1) . These experiments revealed that solenopsin at 10 M inhibited Akt by 50%. Apart from ribosomal protein S6 kinase 1 (RSK1), which was inhibited to a similar extent, no other enzyme in the panel was inhibited significantly. The inhibition of Akt by solenopsin was found to be competitive with respect to ATP, as inhibition of Akt increased with decreasing concentrations of ATP in the assay ( Table 2 ). Solenopsin did not inhibit PDK1 (Table 1) , an upstream activator of Akt, nor did it inhibit the purified recombinant PI3K p110alpha/p85alpha complex in a cell-free assay measuring the conversion of PIP2 to PIP3.
Solenopsin antagonizes Akt function in cell-based assays
Given that solenopsin inhibited Akt in vitro, we wanted to examine its ability to inhibit Akt in cells. Akt is a serine-threonine kinase that phosphorylates multiple substrates, including members of the forkhead family of transcription factors (FKHD/FOXO). Once these FOXO proteins are phosphorylated, they are transported from the nucleus to the cytoplasm. Recently, Kau et al described a high-throughput assay using FLAG-epitope-tagged FOXO1a in Each protein kinase was assayed in duplicate at 0.1 mM ATP in the presence and absence of 10 M solenopsin. The results are presented as the percentage of activity remaining in the presence of solenopsin (average of duplicate determinations). Similar results were obtained in another independent experiment. Each protein was expressed, purified, and assayed as described previously. 26 For personal use only. on April 13, 2017. by guest www.bloodjournal.org From cells null in PTEN to rapidly assess the ability of compounds to inhibit nuclear export of FOXO proteins. 25 Consistent with its inhibitory activity on Akt, solenopsin A inhibited the nuclear export of FOXO1a. This inhibition was specific, as export of RevGFP, a protein whose nuclear export does not depend on Akt, was not inhibited by solenopsin A (Figure 3 ).
Solenopsin inhibits insulin-mediated PI3K activation
Treatment of cells with solenopsin did not inhibit insulinstimulated tyrosine phosphorylation of IRS1 ( Figure 4A ), but blocked insulin-induced, PI3K-dependent generation of 3-phosphoinositides ( Figure 4B ). Consistent with inhibition in cells occurring at a level between IRS1 and PI3K, solenopsin also inhibited signaling downstream of PI3K, namely the phosphorylation of Akt at Thr308 ( Figure 5 ) and Ser473 (Figures 4C, 5 ), which are catalyzed by PDK1 and the mTORC2, respectively, and the phosphorylation of FOXO1A at Ser256 ( Figure 5 ). In contrast, solenopsin did not inhibit PDGF-induced phosphorylation of Akt in NIH3T3 cells except at cytotoxic doses (data not shown), suggesting that solenopsin's activity may be specific to insulin signaling or pathway and/or cell dependent.
Solenopsin A inhibits embryonic angiogenesis in zebrafish
Given that solenopsin A inhibited angiogenesis in vitro, we used a zebrafish model system to determine whether it could suppress angiogenesis in vivo. Zebrafish embryos are transparent, and drugs dissolved in DMSO are readily permeable through the chorion. Solenopsin A and an inactive solenopsin analog (S3) were incubated with embryos from a transgenic (TG(fli1:EGFP) y1 ) 29 zebrafish line that carries a 15-kb promoter of friend leukemia integration-1 transcription factor (fli-1), which drives GFP expression in the endothelium. Treatment with solenopsin, but not the Solenopsin A (10 mM) was tested for its ability to inhibit PKB␣ at a range of ATP concentrations. The results are presented as the percentage of activity remaining in the presence of solenopsin relative to the activity measured in the absence of solenopsin. Results are expressed as the average of duplicate determinations. Similar results were obtained in several other experiments. inactive solenopsin analog S3, delayed intersomitic vessel sprouts arising from the dorsal aorta ( Figure 6 ). These effects differ from those reported previously for VEGFR2 inhibitors in zebrafish development 33 in which they injected dominant active Akt constructs that rescued VEGFR2's intersomitic vessel defect when tested at 24 hours after fertilization. Here, we tested the effect of solenopsin at 6 hours after fertilization. The vasculogenic vessels such as the dorsal aorta and the posterior cardinal vein formed appropriately in solenopsin-treated embryos, suggesting that solenopsin may delay angiogenic precursors or sprouts from reaching their target. A potential reason for these differences is that VEGFR2 inhibitors may affect the development of tissues that express VEGFR2, while Akt inhibitors such as solenopsin may affect nonvascular tissues, leading to the different phenotype.
Discussion
Solenopsis invicta, the fire ant, is a major pest in the United States, infesting more than 290 million acres. The ant is capable of multiple stings, and secretes venom that consists of the alkaloid solenopsin and venom proteins. [34] [35] [36] Repeated stings can cause death to animals and humans through a direct action of the alkaloid or allergic reaction to the protein. The mechanism of action of solenopsin has not previously been determined. Solenopsin and solenopsin analogs were initially synthesized in an effort to inhibit production of solenopsin by a feedback mechanism in fire ants.
We tested solenopsin and solenopsin analogs in the SVR angiogenesis assay, which measures the ability of compounds to inhibit rastransformed endothelial cells. Of the compounds tested, only the naturally occurring solenopsin A had activity against SVR cells.
The PI3K signaling pathway is known to play a critical role in angiogenesis; therefore, we investigated whether solenopsin affected this pathway. Interestingly, we found that solenopsin did not affect insulin-induced tyrosine phosphorylation of IRS1, but suppressed the activation of PI3K and hence the phosphorylation events that lie downstream of PI3K, such as the insulin-induced phosphorylation of Akt at Thr308 and Ser473 and the phosphorylation of FOXO1A, a physiologic substrate of Akt. However, we also found that solenopsin did not inhibit purified PI3K or PDK1 (the protein kinase which phosphorylates Akt at Thr308) in vitro. Taken together, our results suggest that solenopsin blocks the signaling pathway downstream of IRS1 but upstream of PI3K, perhaps by disrupting the interaction between IRS1 and the p85 regulatory subunit of PI3K or by altering the location of IGFR in lipid rafts.
Interestingly, we also found that solenopsin inhibits Akt in vitro, and that the inhibition was relatively selective, since only 1 other protein kinase (RSK1) of 28 other kinases tested was inhibited. However, the inhibition was competitive with respect to ATP, and the IC 50 value determined at 0.1 mM ATP was 5 to 10 M ( Table 2 ). It is therefore unclear whether Akt would be inhibited significantly in cells at the concentrations used in this study (20-30 M) , since the intracellular concentration of ATP is in the millimolar range. Nevertheless, the relatively selective inhibition of Akt by solenospin in vitro is of interest because relatively few inhibitors of Akt have been developed, and Akt is a prominent pharmacologic target in cancer and inflammatory disorders.
Phospholipid ethers have been demonstrated to have activity against Akt, as well as potential alternative targets. 15 Solenopsin shares the long alkyl side chains seen in phospholipid ethers and resembles miltefosine and perifosine by having a positively charged amine group and alkyl chain. Miltefosine has been shown to have antileishmanial activity in humans and to cause insulin resistance in muscle. 37 Perifosine is in clinical trials as a PI3K/Akt inhibitor in advanced cancer. 38, 39 Solenopsin and its derivatives are amenable to large-scale synthesis, and because of its free secondary amine structure solenopsin can be readily conjugated to other molecules for targeted delivery. Recently, advances have been made in the identification of molecules that are specific for tumors and tumor endothelium. Conjugation of solenopsin to these molecules may provide a novel and specific therapy for advanced neoplasms, both in terms of treatment of patients directly and purging of autologous bone marrow for transplantation. 40,41 
